Biased sampling of collective variables is widely used to accelerate rare events in molecular simulations and to explore free energy surfaces. However, computational efficiency of these methods decreases with increasing number of collective variables, which severely limits the predictive power of the enhanced sampling approaches. Here we propose a method called Temperature Accelerated Sliced Sampling (TASS) that combines temperature accelerated molecular dynamics with umbrella sampling and metadynamics to sample the collective variable space in an efficient manner. The presented method can sample a large number of collective variables and is advantageous for controlled exploration of broad and unbound free energy basins. TASS is also shown to achieve quick free energy convergence and is practically usable with ab initio molecular dynamics techniques.
I. INTRODUCTION
In a canonical ensemble molecular dynamics (MD) simulation, configurations are sampled with the probability
where R is the configuration of a molecular system with N number of atoms, β = 1/k B T with Boltzmann constant k B and temperature T . Here U is the potential energy, and Z is the configurational partition function. Let the order parameter be ζ(R), then the probability along ζ is given by
process is often small in number, 6, 7 several other orthogonal coordinates have to be enhanced-sampled for a quick convergence in probability distribution along the reactive coordinates and thus the free energy estimates.
Timescale at which a barrier crossing event takes place on a potential energy landscape during a canonical ensemble simulation is ∝ e βU (R) . Due to the limitation of small time steps in MD simulations, the simulation time to observe such processes becomes very large and computationally unfeasible for many interesting processes with free energy barrier ∆F ‡ >> β −1 . One of the ways in which this timescale bottleneck can be overcome is by modifying the Boltzmann weight through altering U (R) as U (R) + U bias (S) where U bias (S) is the bias potential. Metadynamics [8] [9] [10] [11] [12] (MTD) and Umbrella Sampling (US) 13, 14 are two such popular biased sampling methods, among several others [15] [16] [17] [18] [19] [20] [21] [22] .
In MTD, a time dependent bias potential,
, is constructed by summing the Gaussian potentials deposited discretely along the trajectory S(t): and f is some constant.
The main advantage of MTD is that it is capable of sampling the S space in a self-guided manner, and thus the method can explore unprecedented minima and reaction pathways on high-dimensional free energy landscapes. 
where S h is the position of the umbrella window h.
To obtain F (S), the distribution of S from M windows are reweighted and stitched together by the weighted histogram analysis (WHAM) method.
31,32
The sampling of the collective variables are determined by the span of the windows, and thus US allows to achieve a controlled sampling of collective 
whereP (s) is the probability distribution of {s α } computed atβ. 
II. THEORY
In the TASS approach, we use the Hamiltonian Following the reweighting equations for WS-MTD as used in our previous work 37 , we first reweight the metadynamics bias potential 38, 39 as
where
and the constant γ is given by Equation (1). In the subsequent step, we reweightP h (s) for the umbrella bias potential and combine distributions of all umbrella windows using the standard WHAM approach. In this procedure, the reweighted distributionP (s) is obtained from M number ofP h (s) using a self-consistent approach using
and W b h is given by Equation (2). Here n h is the number of configurations sampled in the h th window of the umbrella potential. If the collective variables and the auxiliary variables are adiabatically separated, the distributionP (s) at higher temperaturẽ T is related to P (s) at temperature T as
Then, free energy surface at temperature T can be obtained using Equation (3).
III. RESULTS AND DISCUSSION

A. Three Dimensional Model System
For testing the method, we considered a threedimensional model system that has four minima:
Parameters for the potential are given in Ta Here, umbrella bias was applied along the φ1 while MTD bias was applied along the φ2.
All the four coordinates were sampled using high Table SI3 . After convergence, the maximum difference between the REMD and the TASS results is only 0.6 kcal mol −1 , and this difference is likely due to the insufficient sampling in REMD. These results further support that TASS can efficiently explore the high dimensional free energy landscapes and provide converged free energy estimates in a computationally efficient way.
C. 1,3-Butadiene to Cyclobutene Reaction
Here we explore the broad free energy surface for the conversion of 1,3-butadiene to cyclobutene which occurs via an electrocyclic reaction (see also Figure 3a ).
We have chosen the following collective variables to model this reaction: a) distance C 1 -C 4 ,
In TASS simulations, umbrella bias was applied We compare the results of the TASS simulation with the free energy surface and the barriers computed using the WS-MTD approach from our earlier work. 37 Free energy barriers converge to less than 0.5 kcal mol −1 (in comparison with the WS- Error (kcal/mol) Table SI4 ). The converged difference in the barriers of about 0.25 kcal mol We could successfully simulate the reaction EI1→EP1 using the TASS method, and the con- 
